Extract
Radioimmunoassay can detect as little as 10 ng apoceruloplasmin. Interference by holoceruloplasmin is overcome by using an antiapoceruloplasmin antibody absorbed with holoceruloplasmin and by correcting for the relatively small inhibition of binding of apoceruloplasmin to absorbed antibody caused by h~l o c e r u l o~l a s m i n .~~h e apoceruloplasmin concentration in infants with nutritional copper deficiency (2.9 f 0.9 mg/lOO ml), Menkes' kinky hair sindrome (1.4 0.5 mg/100 ml), and Wilson's disease (2.7 f 2.0 mg/100 ml) did not differ significantly from normal (3.3 f 3.1 mg/100 ml) despite significant reductions (P < 0.01) in the concentration of holoceruloplasmin in each of these conditions. In umbilical cord blood from normal neonates, however, the concentration of apoceruloplasmin (0.7 2 0.5 mg/100 ml) was significantly lower than normal (P < 0.01), as was the concentration of holoceruloplasmin.
Speculation
In Wilson's disease the incorporation of copper into nascent apoceruloplasmin, which is probably synthesized at a normal rate and is of normal structure, is reduced. There could be a defect in an enzyme required to catalyze the incorporation or a failure of copper to reach the nascent protein.
In normal neonates the rate of apoceruloplasmin synthesis is probably reduced. This reduction may be responsible for the lower concentrations of both holo-and apoceruloplasmin observed in sera of neonates compared with that of older subjects.
In infants with nutritional copper deficiency and with Menkes' kinky hair syndrome, serum ceruloplasmin, measured by its oxidase activity, which depends on the presence of copper, is markedly reduced (2, 9) . In Menkes' syndrome the concentration of body copper is low because of defective transport across intestinal mucosal cells (5) .
Rats raised on copper-deficient diets also lack ceruloplasmin oxidase activity. They synthesize copper-free apoceruloplasmin at the same rate as copper-containing holoceruloplasmin is synthesized in rats on normal diets. However, the serum coticentration of apoceruloplasmin in hypocupremic rats is much lower than that of holoceruloplasmin in normocupremic rats because it decays more rapidly (1 1).
Apoceruloplasmin can be detected in the sera of copperdeficient rats by immunoelectrophoresis and precipitin methods (10) . In human infants with nutritional copper deficiency these methods failed to reveal any apoceruloplasmin (9) . This failure may be due to a greater instability of human apoceruloplasmin compared with rat, to a relative insensitivity of the antibody directed against human ceruloplasmin, or t o both. It is also possible that man, unlike the rat, requires copper for the synthesis of apoceruloplasmin. To distinguish between these possibilities a highly sensitive radioimmunoassay for human apoceruloplasmin was developed.
In Wilson's disease, despite a high level of body copper, ceruloplasmin oxidase activity is usually reduced. Either copper fails to bind t o nascent apoceruloplasmin, or inadequate amounts of the apoprotein are synthesized, or the protein is unstable. The finding that apoceruloplasmin is present in Wilson's disease sera (3) supports the first possibility but the data are inadequate to permit statistical comparison between apoceruloplasmin concentrations in patients and control subjects. Furthermore, the method employed could have yielded falsely high levels of apoceruloplasmin in subjects with high ceruloplasmin oxidase activity. This problem is overcome by the radioimmunoassay reported here.
In normal neonates, ceruloplasmin oxidase activity is also reduced. As the copper content of the neonatal liver is high (17) , either copper is not incorporated into nascent apoceruloplasmin or apoceruloplasmin is not synthesized.
In this paper we describe a radioimmunoassay for human apoceruloplasmin and report holo-and apoceruloplasmin concentrations in normal adults and neonates as well as in the pathologic conditions described above.
EXPERIMENTAL METHODS
Holo-and apoceruloplasmin were prepared as described previously (10) . Ceruloplasmin oxidase activity was determined using p-phenylenediamine (PPD) (15) . Purified holoceruloplasmin had an A 8 O / A 6 ratio between 22 and 23. Apoceruloplasmin retained less than 1% of the oxidase activity of holoceruloplasmin.
Immunoelectrophoresis was performed in 0.02 M veronal buffer, pH 8.6, by the technique of Scheidigger (16) and immunodiffusion by the technique of Ouchterlony (14) . The arcs were stained for oxidase acitivity with benzidine and for protein with amido black (10) .
Wholoe blood was centrifuged promptly and the serum stored at -20 until assay. Except when serum specimens had been collected for diagnostic purposes, and stored frozen, informed consent for these studies was obtained. In some of the controls, and all of the maternal and matched umbilical cord bloods, the specimens were obtained for other studies, for which informed consent was obtained, and used anonymously in these experiments.
PREPARATION O F ANTIAPOCERULOPLASMIN ANTIBODY
Rabbits were immunized with 900 pg apoceruloplasmin in 0.8 ml 0.9% NaC1, 0.01 M potassium phosphate, pH 7.2 (buffer A ) emulsified with an equal volume of complete Freunds adjuvant. The material was injected into each footpad. Four weeks later an additional 0.4 ml emulsion was injected into each leg. Injections were repeated at 4-5-week intervals. Blood was obtained from the central ear artery 1 week after each booster injection.
Since the antiapoceruloplasmin antibody possesses a component which reacts with holoceruloplasmin (4), antibody specific for apoceruloplasrnin was prepared by the absorption technique of Carrico et al. (4) except that the incubatioon with freshly purified holoceruloplasmin was continued at 4 for 24 or 48 hr before removing the holoceruloplasmin-anticeruloplasmin precipitate. Traces of holoceruloplasmin were removed from the supernatant by DEAE-Sephadex (A-50) chromatography. The absorbed antibody fraction was concentrated by centrifugation in an ultrafiltration cone (19) .
IODINATION AND RADIOIMMUNOASSAY
Freshly prepared apoceruloplasrnin was radiolabeled with ' 2 5~ by the lactoperoxidase method (12) at room temperature. The reaction mixture consisted of 0.4 mCi carrier-free I (1 pl), 25 p1 apoceruloplasm (1 00 pg/ml in buffer A), and 10 p1 0.1 M sodium phosphate, pH 7.9. The reaction was initiated by addition of 1 p1 22 mM H 2 0 2 and the vial was flicked for 1-2 sec before the addition of 500 p1 0.1 M sodium phosphate, pH 7.9. Iodinated apoceruloplasmin was chromatographed on Sephadex G-100 equilibrated with 0.3 M sodium acetate, pH 5.8, and subsequently on DEAE-Sephadex (A-50) equilibrated with the same buffer. Apoceruloplasmin was eluted with 0.5 M sodium acetate, pH 5.8. The specific activity of the l 2 I-labeled apoceruloplasmin was between 15 and 20 pCi/pg (1). Over 80% was precipitated by antiapoceruloplasmin antibody added in excess. ' I-labeled apoceruloplasmin and dilutions of specific antiapoceruloplasmin antibody were kept at 4' in 1% bovine serum albumin in buffer A .
The radioimmunoassay was conducted with approximately 6,000 cpm of (' I)apoceruloplasmin. Ceruloplasmin antigen was present in a volume of 0.1 ml. The first stage, in which rabbit antiapoceruloplasmin antlbody reacted with ceruloplasmin, was carried out in a total volume of 1.0 ml in 0.01 M EDTA, buffer A at 4O for 48 hr. Then 0.05 ml of a 1/20 dilution of nonimmune rabbit serum and 0.1 ml goat antirabbit y-globulin (20) were added and incubated at 4' for 24 hr. The precipitate was washed once with cold buffer A. The radioactivity of the precipitate and the combined supernatant and wash was determined in a Picker Nuclear (2 1) Autowell I1 y-counter. All samples were run in duplicate or triplicate.
RESULTS

IMMUNOLOGIC STUDIES
Immunoelectrophoresis of holo-and apoceruloplasmin employing goat antihuman serum (22) revealed only one arc with each antigen (Fig. 1) . Apoceruloplasmin did not stain with benzidine and moved further toward the anode than holoceruloplasmin. Immunodiffusion demonstrated the specificity of the absorbed antibody for apoceruloplasmin (Fig. 2) . Unlabeled apoceruloplasmin inhibits binding of (' I)-apoceruloplasmin in amounts greater than 10 ng. Figure 3 demonstrates that holoceruloplasmin has an effect on the binding of (' I)apoceruloplasmin to antibody, although it is much smaller than the effect of apoceruloplasmin; 100 ng holoceruloplasmin is required t o cause the same inhibition of I)apoceruloplasmin precipitation as is caused by 10 ng apoceruloplasmin. Prolonged incltbation of the antibody with holoceru~oplasmin and repeated absorption failed t o prevent this inhibition. It thus became necessary to correct for the amount of holoceruloplasmin present. Its concentration was determined by PPD oxidase assay and serum samples were diluted to contain 0.1 pg holoceruloplasmin or less per 0.1 ml. Standard concentrations of apoceruloplasmin and holoceruloplasmin were assayed with each experiment. The apoceruloplasmin concentration was calculated by subtracting the holoceruloplasmin present from the total amount measured by the radioimmunoassay. Table 1 indicates that holoceruloplasmin in human serum does not interfere with the recovery of apoceruloplasmin.
The measured concentration of apoceruloplasmin did not change when serum was stored frozen. Repeated freezing an thawing of serum did not affect the apo~eruloplasmin level. However, when serum was kept at 4 for 7 days the apoceruloplasmin concentration increased significantly. No effect of serum dilution on measurements of apoceruloplasmin was found. Copper deficiency (n = 7) 1.4' t 0.7 2.9 + 0.9
Menkes' syndrome3 ( n = 1) 0 1.4 t 0.5 Maternal blood at term (n = 11) 89.0' 2 19.5 9.9' t 4.1 Cord blood (Infants of mothers shown above) ( n = 11) 10.9' + 6.7 0.7' + 0.5
' Differs sigt~ificantly from control, t-test, P < 0.01.
Five specimens examined.
differences between individuals. When the neonates are excluded the concentrations d o not correlate with the ages of the subjects. Within 2 weeks after the oral administration of copper in a n infant with nutritional copper deficiency, holoceruloplasrnin concentration increased t o 30 mg/100 ml but apoceruloplasmin was 2.2 mg/100 ml, virtually unchanged. In the infant with Menkes' syndrome, intravenous copper resulted in an elevation of serum holoceruloplasmin concentration but apoceruloplasmin concentration remained unchanged. Oral copper had n o effect on the serum ceruloplasmin levels in this infant (2 ' Diluted serum in the reaction mixture contained 100 ng holoceruloplasmin (determined by p-phenylenediamine assay). This is equivalent to 10 ng apoceruloplasmin in the radioimmunoassay (Fig. 3) . 'Of the 38 ng determined by radioimmunoassay, 10 ng are due to holoceruloplasmin. Therefore, 28 ng apoceruloplasmin are prescnt. In the next two rows, the total ceruloplasmin expected = apoceruloplasmin added + 28 ng apoceruloplasmin + 10 ng holoceruloplasmin.
The relatively high concentration of apoceruloplasmin was due to storage of the serum unfrozen.
APOCERULOPLASMIN LEVELS IN CONTROL SUBJECTS, WILSON'S DISEASE, NUTRITIONAL COPPER DEFICIENCY, MENKES' SYNDROME, AND NEONATES
The concentration of apoceruloplasmin in the sera of patients with Wilson's disease, copper deficiency, and Menkes' syndrome was in the same range as it was in control subjects (Table 2 ). Holoceruloplasmin was, as expected, low in each of these conditions. Apoceruloplasmin concentrations in two Wilson's disease patients not receiving penicillamine were not different from those receiving the drug.
The concentration of apoceruloplasmin was low only in cord blood (P < 0.01), although it was high in simultaneously obtained maternal blood. The neonates, from whom the specimens were collected, were full term and apparently normal, as were their mothers. Replicate determinations of either apo-or holoceruloplasmin usually agreed within 5%. Thus most of the variation shown in Table 2 represent
DISCUSSION
The presence of normal apoceruloplasmin concentrations in the sera of infants with nutritional copper deficiency and Menkes' syndrome, together with the virtual absence of holoceruloplasmin, resembles the findings in copper-deficient rats (10) in whom apoceruloplasmin synthesis continues a t a normal rate despite the reduced availability of copper. Previous failure t o detect human apoceruloplasmin in copper deficiency was, we believe, because of insensitivity of the methods.
Our findings confirm those of Carrico and Deutsch (3) that apoceruloplasmin is detectable in "near normal" concentrations in Wilson's disease. Their estimates of apoceruloplasrnin in normal individuals could, however, have been falsely high because holoceruloplasmin cross-reacts with absorbed antiapoceruloplasmin antibody. Our method corrects for this occurrence.
The apoceruloplasmin in Wilson's disease sera could be derived from either circulating or hepatic holoceruloplasmin because of lability of the copper ligands. This is unlikely as the copper content of pure ceruloplasmin isolated from patients with Wilson's disease is normal (8, 13) . Alternatively, the presence of apoceruloplasrnin in Wilson's disease could result from failure t o incorporate copper into newly synthesized .apoceruloplasmin. As a consequence, apoceruloplasmin is released into the circulation where, because of its marked instability, it decays rapidly, resulting in a much lower concentration than if it had copper attached. A defect in an enzyme which catalyzes the incorporation of copper into ceruloplasmin, and into other proteins which normally contain copper (7, 18) , could explain the findings.
A recent report that there is a low molecular weight protein 8 24
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with increased avidity for copper in Wilson's disease liver (6) also is consistent with this finding; copper would never reach the ceruloplasmin-forming sites. Only in umbilical cord blood was a reduced concentration of apoceruloplasmin observed. This reduction occurred despite very high levels of apoceruloplasmin and holoceruloplasmin in the matched maternal serum obtained at delivery (Table 2) . Thus it is unlikely that significant amounts of ceruloplasmin cross the placenta. It appears likely that synthesis of apoceruloplasmin is reduced in neonatal liver despite the presence of adequate copper.
SUMMARY
A radioimmunoassay capable of detecting very small quantities of apoceruloplasmin in the presence of large amounts of holoceruloplasmin is reported. In nutritional copper deficiency, Menkes' kinky hair syndrome, and Wilson's disease, normal concentrations of serum apoceruloplasmin are present despite marked reductions (P < 0.01) in the concentration of holoceruloplasmin. In umbilical cord blood, however, the concentrations of both apo-and holoceruloplasmin are significantly reduced (P < 0.0 1).
